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Abstract Pediatric airway surgery is a challenging field
in pediatric surgery. Laryngotracheal stenosis has a vari-
ety of congenital and acquired conditions that require pre-
cise assessment and tailored treatment for each individual
patient. About 90% of acquired conditions are represented
by subglottic stenosis (SGS) resulting as a complication of
tracheal intubation. Congenital tracheal stenosis (CTS) is a
rare and life-threatening malformation, usually associated
with complete tracheal rings along a variable length of the
trachea. Tracheomalacia (TM) is a process characterized by
flaccidity of the supporting tracheal cartilage, widening of
the posterior membranous wall, and reduced anterior-poste-
rior airway caliber. The clinical presentation can vary from
almost asymptomatic patients to near fatal airway obstruc-
tion. There is considerable variation in both the morpho-
logic subtypes and the prognosis of pediatric airway. The
patients are divided into three clinical groups (mild, moder-
ate, and severe). A further division was proposed accord-
ing to the presence or absence of associated anomalies. The
definitive diagnosis of pediatric airway was made by means
of rigid bronchoscope and computed tomography scan with
three-dimensional reconstruction (3D-CT). Rigid bron-
choscopy and 3D-CT confirmed the diagnosis in all the
cases. Other associated anomalies include congenital heart
disease, vascular anomalies, and BPFM (maldevelopment
of aerodigestive tract). After definitive diagnosis of pediat-
ric airway lesions, surgical intervention should be consid-
ered. Surgical strategy was presented on each lesion.
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Introduction

Pediatric airway surgery is significant challenge for pedi-
atric surgeon over many years due to the complexity of the
disease, often requiring careful diagnostic investigation and
urgent and demanding reconstructive treatments gained to
improve the surgical outcome for children suffering from
a variety of compromised airways (Table 1). This paper
focuses on the most common pediatric airway disorders to
present the technical aspects of diagnosis and treatment not
only with well-established treatment modalities, but also
with new concepts of pediatric airway management.

Embryological aspects

At the 3rd week, the laryngotracheal groove or sulcus
appears in the proximal foregut and progresses caudally
alongside the cephalad progression of the lateral ridges,
there by forming the primordial trachea. Anomalies may
occur at any point along the tract, the most common being
failures in separation of the airway and the alimentary
tracts resulting in tracheoesophageal fistulas distally and
laryngotracheoesophageal clefts superiorly. Segmental fail-
ure leads to atresia or complete agenesis that is typically
fatal. The separate development of the laryngeal, trachea/
esophagus, bronchial, and pulmonary complexes allows a
diverse configuration of anomalies that may include agene-
sis and/or stenosis of the airway and alimentary tract, either
as isolated segments or as combinations of these four com-
ponents [35].
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Table 1 Variety of compromised airways

Nasopharynx Choanal atresia
Micrognathia (Pierre Robin etc.)
Larynx Laryngomalacia

Laryngeal web
Laryngeal cyst

Vocal cord paralysis
Subglottic haemangioma
Subglottic stenosis

Laryngotracheo-ESOPHA-
GEAL Cleft (LTEC)
CHAOS
Tracea and Bronchus Tracheoesophageal Fistula
Tracheal agenesis
Tracheal stenosis
Tracehomalacia

Vascular ring

Subglottic stenosis (SGS)

Laryngeal stenosis may most commonly occur in the
subglottis. In infants and children, the subglottis is
the narrowest section of the airway [1]. The subglottic
region begins just below the vocal folds and extends to
the lower border of the cricoid cartilage. It is composed
of the cricothyroid membrane, the cricoid cartilage, and
surrounding soft tissues (Fig. 1).

Etiology and diagnosis
Congenital SGS

Congenital SGS results from an embryogenic abnor-
mality. The cricoid cartilage is a derivative of the sixth
branchial arch and its development occurs early in the
process of gestation. By the 10th week of gestation, the
laryngeal lumen is recanalized. The failure of this reca-
nalization may result in the laryngeal anomalies [1].

Fig. 1 Subglottic stenosis
(endoscopic findings)
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Acquired SGS

Prior to thel960s, acquired SGS was predominantly asso-
ciated with laryngeal infections, such as diphtheria, which
showed SGS by the release of an exotoxin that causes
necrosis of the mucosa of airway [2]. With widespread
vaccination in the early twentieth century, this infection
became rare. Following the introduction of prolonged intu-
bation for respiratory support in premature infants, the rates
of acquired SGS increased and became the most common
cause of SGS [2, 4]. The incidence of combined congenital
and acquired SGS remains unclear. The incidence of SGS
reported from 0 to 2% in intubated neonates, [7].

Factors thought to play a main factor for development
of SGS are the size of the endotracheal tube, duration of
intubation, traumatic intubation, presence of an infection
(MRSA?), and gastroesophageal reflux [5, 6]. The inci-
dence of acquired SGS has decreased in the past few dec-
ades. This decrease may be associated with the advance in
neonatal care.

Endoscopic evaluation

Endoscopic assessment is the gold standard for airway
evaluation and a perquisite for the successful management
of SGS. Laryngoscopy and rigid bronchoscopy may clear
the levels of obstruction in pediatric airway. In subglot-
tis, any scarring or stenosis should be documented as the
length of the stenosis and its proximity to the vocal folds.
The Myer—Cotton grading system for SGS is widely used
in the pediatric community (Fig. 2) [3]. If a tracheotomy
is in place, attention may be paid to the evaluation of the
supra stomal area, such as suprastomal collapse or a supras-
tomal granuloma.

Treatment

Endoscopic management

Endoscopic approaches are used both of the primary
treatment and an adjuvant treatment after open recon-
struction. Children with grade I or II stenosis may be
suitable for endoscopic management, whereas those with
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Fig. 2 Grading system for SGS (Mayer & Cotton)

more severe SGS are more likely to require open surgery
[8, 9]. Balloon dilatation of the airway has evolved in
recent years and is now considered an invaluable addition
to the tools used to manage SGS [10-14], reducing the
need for open airway reconstruction [13].

Balloons show a number of advantages with the radial
force over the circumference of the stenosis minimizing
the risk of airway rupture or mucosal trauma. Selection
of balloon size is based on the expected size of the nor-
mal airway. Repeated dilatation at 1-3-week intervals
on up to four occasions may result in good outcomes.
Adjunctive treatment, such as steroid injection and scar
division, may further enhance this approach.

Fig. 3 Laryngotracheal recon-
struction (costal cartilage graft)
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Open airway reconstruction

A wide variety of open airway reconstructive procedures
are used to manage patients with laryngotracheal stenosis.
Open airway reconstruction may be performed by a sin-
gle- or double-stage procedure in the severity of the steno-
sis and the overall severity of the patient’s comorbidities.
A single-stage procedure may not be advisable in children
with a history of difficult intubation, poor pulmonary func-
tion, and a previous history of reconstruction failures [10].
In a child with multiple levels of obstruction and when
there are concerns regarding coexisting morbidities, a dou-
ble-stage procedure is recommended [10].

Anterior cricoid split

The anterior cricoid split was originally described in 1980
as an alternative to performing a tracheotomy in prema-
ture infants with prolonged intubation [16]. The advance
in neonatal care over the past several decades (introduction
of nasal high flow cannulae or nasopharyngeal CPAP), the
need for this operation has been minimized.

Laryngotracheal reconstruction (LTR)

Costal cartilage is the most widely used graft material and
has been shown to yield excellent long-term results (Fig. 3)
[15]. The costal cartilage is easily accessible, easily carved,
and easily amenable to flange formation, thus minimizing
the risk of graft prolapse into the airway [15].

Although LTR with anterior costal cartilage grafting was
the operation of choice for children with severe SGS, it is
also used in patients who have failed endoscopic manage-
ment or those with suprastomal collapse. The anterior graft
LTR is now typically performed as a single-stage procedure
using costal cartilage. Reported success rates exceed 90%
[17].

] costal
- cartilage-
graft
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Partial cricotracheal resection (PTCR)

Partial cricotracheal resection (PTCR) is an alternative to
LTR. The goal of this operation is to remove the stenotic
segment of the airway and reconnect the healthy superior
and inferior segments [18]. This procedure is indicated in
patients with severe SGS or a structurally inadequate sub-
glottis and in patients who have undergone the previous
airway reconstruction. Relative contraindication to PTCR
include low-grade SGS, stenosis within 3 mm of the vocal
folds, or conditions that impair mobilization of the trachea
[8].

Disadvantages of PTCR include the risk of potentially
catastrophic dehiscence of the repair and risk to the recur-
rent laryngeal nerves.

Congenital tracheal stenosis (CTS)
Etiology and presentation

Congenital tracheal stenosis (CTS) is a rare disease esti-
mated to affect 1 in 64,500 live births. It was characterized
by complete tracheal rings (Fig. 4), localized to any part of
the large airway. It is classified according to the length of
the affected area as either short segment or long segment
[19]. The percentage of trachea affected >50% is consid-
ered long-segment disease [20, 21].

A total of 60% of children born with CTS often have
other associated malformations, particularly cardiovascular
anomalies. It is the combination of both airway and cardio-
vascular disease that often leads to life-threatening compro-
mise [20]. Other concomitant congenital malformations are
seen in approximately 40% [20]. The most common cardi-
ovascular anomaly is the presence of an aberrant left pul-
monary artery or “pulmonary artery sling,” which is noted
in approximately 50% of patients [38]. Other congenital

Fig. 4 Complete tracheal rings
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malformations include gastrointestinal malformations and
anorectal anomalies.

Classification

A variety of classification systems have been reported
based on the extent and severity. However, no consensus
on classification has been achieved due to the heterogene-
ous nature of the condition. Speggiorin and Elliott showed
that the patterns have been classified as normal bifurcation,
anomalous right upper lobe or porcine bronchus (tracheal
bronchus), bronchial trifurcation, or as single lung [36, 37].
This is further classified into congenital tracheal rings lim-
ited to the trachea only or involving the bronchi.

Clinical presentation

Patients present according to age and stenosis. Tracheal
diameter is a particularly significant factor as symptoms
will only be apparent when there is >50% stenosis, and
dyspnea at rest is only evident when there is >75% tracheal
occlusion [39]. If the stenosis is mild and there is no other
pulmonary or cardiac anomalies, children may have mini-
mal or mild respiratory symptoms, and so diagnosis may be
delayed or made incidentally [20]. In some cases, the tra-
cheal stenosis may be so severe, the child will require extra-
corporeal membrane oxygenation (ECMO) until a defini-
tive repair can be performed [41].

Diagnosis

Endoscopic assessment is the gold standard for airway eval-
uation (Fig. 5) and a perquisite for the successful manage-
ment of CTS. CT gives 3-D imaging with a strong under-
standing of cardiovascular—airway relationships (especially
pulmonary artery slings) (Fig. 6). Bronchography is contro-
versial even among radiologists.

Fig. 5 Bronchoscopic finding (complete tracheal rings and absent of
pars membranacea)
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Fig. 6 3D-CT segmental stenosis with bronchial anomaly (tracheal
bronchus)

Treatment strategy

Treatment strategies for children with CTS have evolved
over the past two decades, such that life expectancy has
significantly improved [22]. Original strategies are focused
upon end-to-end resection and primary anastomosis. How-
ever, due to tensions placed on the anastomosis, such an
approach was only possible on short-segment disease [22,
41]. Alternative procedures were required for long-segment
congenital tracheal stenosis (LCTS), and many surgeons
attempted an augmentation with an anterior patch (peri-
cardial, cartilage, etc.) combined with suspension sutures
or stents [23-25]. This surgical technique would overcome
the problems of the immediate stenosis, and long-term
results were often complicated by persistent granulation
and restenosis [26, 27]. Other strategies included tracheal
replacement with aortic and tracheal homograft, but these
were associated with significant morbidity and variable
outcomes [28-30]. Slide tracheoplasty was first used for
CTS in 1989 [31] (Fig. 7) and has subsequently proved to
be extremely versatile. This procedure has been adopted
by many surgeons as the surgical treatment for LCTS. The
large series confirming it to be a safe and reliable technique
with survival rates of over 88% and low associated morbid-
ity and mortality [32-34, 41]. Ono et al. introduced Bal-
loon tracheoplasty as the initial treatment for neonates with
symptomatic CTS [40].

Clinical outcomes

Hewitt et al. [41] showed that the outcomes are based on
127 patients who present in the neonatal and early infant
period with a median age of 4 months and a median
weight of 4 kg. A total of 12% of patients either arrived
on ECMO support or were rapidly started on ECMO fol-
lowing arrival. Survival rates have risen with increasing

Fig. 7 Slide tracheoplasty (Tsuang 1989)

institutional experience—survival at 110 months was
89.9%. The presence of preoperative distal bronchomala-
cia significantly increases mortality risk (71.5 vs. 94.5%
survival at 200 months), as does bronchial stenosis (74.8
vs. 94.1% survival at 140 months). Preoperative ECMO
and ventilation, the presence of syndromes or a single
lung, and prematurity and low birth weight are also likely
to emerge as important risk factors [41].

Tracheomalacia (TM)

Tracheomalacia (TM) is a process characterized by flac-
cidity of the supporting tracheal cartilage, widening
of the posterior membranous wall, and reduced ante-
rior—posterior airway caliber (Fig. 8). These factors cause
tracheal collapse, especially during times of increased
airflow, such as coughing, crying, or feeding.

During normal inspiration, the intrathoracic tracheal
lumen dilates, and during expiration, it narrows, because
the airway diameter is in part determined by the dif-
ference between intrathoracic and intraluminal airway

Fig. 8 Tracheomalacia
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pressures [45]. Even when very high intrathoracic pres-
sures are generated, the rigidity of the cartilage in the tra-
cheal wall prevents complete airway collapse [46].

In patients with TM, the abnormal collapsibility of the
trachea accentuates the physiological airway narrowing
that occurs during expiration, and in severe cases, clini-
cally obvious obstruction of the airway may result when
greater intrathoracic pressure increases occur, as during
forced expiration or coughing [47, 48]. In addition, the
lack of normal tracheal stiffness in TM allows tracheal col-
lapse from compression by adjacent thoracic structures,
mainly the aortic arch and innominate artery anteriorly and
the esophagus posteriorly [49]. The size of the esophagus
increases with swallowing, gastroesophageal reflux, and in
the presence of stenotic or obstructive lesions of the lower
esophagus, [50] which may compress the trachea poste-
riorly. Therefore, patients with TM may have their most
severe symptoms during or shortly after eating [51].

Clinical presentation

Many infants with TM do not show symptoms until 2 to 3
months of age [50]. In some infants, the presence of serious
TM is evident soon after repair of EA, and they cannot be
extubated. In a small number of cases with long-segment
TM, symptoms may begin at birth [54].

A barking cough and expiratory stridor are present in
most patients with TM [55]. Recurrent respiratory distress,
wheezing, cyanosis, and spontaneous hyperextension of the
neck are also seen. “Dying spells”, are the most common
life-threatening events (ALTE) in severe group, and respon-
sible for cases of sudden infant death [57]. They usually
occur during feeding or within 5-10 min of a meal [56].

Diagnosis

The diagnosis of TM should be suspected by a clinical his-
tory of noisy respiration, tracheal rhonchi, harsh barking
cough, apneic spells, recurrent pneumonia, or inability to
extubate the airway [47, 48].

Because most symptoms are not specific for TM, radio-
graphic and endoscopic evaluations must be performed [52,
59]. Many methods have been used through the years to
diagnose TM [42]; there is no standardized diagnostic crite-
ria [52, 59]. A narrowing of the air-filled trachea on exhala-
tion can be noted on the lateral view of a plain chest roent-
genogram in almost all children with severe TM. Although
the fluoroscopy is highly specific for TM (97-100%), it is
poorly sensitive for this diagnosis (23-62%) [51, 52].

In recent years, contrast-enhanced multidetector com-
puted tomography (MDCT) has become an alternative
modality to aid in the diagnosis of TM in children [57].
Using the MDCT, the surgeon can better understand not
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only the region of TM but also the relevant surrounding
structures, such as location of the aorta and the innominate
artery relative to the trachea, and the presence of an aber-
rant right subclavian artery [53].

Direct visualization of the airway with either flexible
or rigid bronchoscopy remains the “gold standard” for the
diagnosis of TM [43, 50, 52, 53, 59]. Flexible bronchos-
copy may obviate the need for general anesthesia and is the
modality for direct visualization and dynamic assessment
of the airway [55].

Advantages of rigid bronchoscopy include improved
clarity of visualization, particularly in infants. In addition,
the ability to ventilate and place probes and contrast in the
airway markedly improves the identification of tracheoe-
sophageal fistulas and other airway anomalies.

More than 50% narrowing of the lumen with forced
exhalation is diagnosis of TM. The majority of infants with
TM have more than 75% lumen collapse, with complete
tracheal collapse in up to 33% of infants [45].

Treatment

Many children with mild airway collapse may be treated
non-surgically. The abnormally soft trachea tends to
become more rigid with continued growth, and minor
symptoms can be expected to improve by age 1 to 2 years
[47, 48, 64-66]. Continuous positive airway pressure
(CPAP) is an effective treatment for moderate-to-severe
TM [68, 69].

The primary indications for surgery are dying spells,
recurrent pneumonia, intermittent respiratory obstruc-
tion, and inability to extubate the malacic airway [50, 57].
According to the 2012 Cochrane review [67], there is no
evidence supporting one therapy over another for the treat-
ment of severe TM.

Surgical treatment

Surgical treatment may be necessary to improve symp-
toms and sequelae for severe TM. Options for the treatment
include open aortopexy, thoracoscopic aortopexy, tracheal
resection, or external stabilization [70].

Aortopexy Aortopexy has been the main stay of surgical
therapy for pediatric intrathoracic TM [44, 47, 49, 71]. The
technique of aortopexy was first used by Filler et al. [48]
and it was derived from the operation described by Gross
in 1948 to treat the “innominate artery compression syn-
drome”.

With the airway loosely attached anteriorly to the major
vessels and posteriorly to mediastinal structures by connec-
tive tissue, suture elevation of the aorta and the innominate
artery and possibly pericardium to the back of the sternum
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may support maintain an adequate airway [51]. By this
indirect mechanism, aortopexy has been found to be reliev-
ing the consequences of severe TM [59].

Sometimes, these maneuvers have proven insufficient,
and direct suture placement into the tracheal and/or bron-
chial cartilages has been required to provide adequate air-
way support [63]. The ability to assess the effects of the
elevation of the vessels on the airway by bronchoscopy,
while the procedure is being carried out is extremely valu-
able to ensure the desire results [40].

The use of pledgets on the sutures passed through the
adventitia of the aorta was proposed by Kimura et al. [58]
to allow the aortic wall to tolerate major tension without the
risk of tears. Applebaum and Wooley [79] have suggested
the use of a pericardial flap to suspend the aorta (Fig. 9).

Several surgical approaches have been used to access the
major arteries. Right or left anterior thoracotomies as well
as more lateral thoracotomy incisions have been used, and
also cervical, mediastinal, and thoracoscopic approaches
have been reported [47, 59, 60, 72, 73].

Partial sternotomy A 3-cm transverse incision is made at
the manubrial sternal junction and a partial upper sternot-
omy along with partial thymectomy allowed the upper por-
tion of the pericardium to be opened to reveal the innomi-
nate artery, ascending aorta, and main pulmonary artery
[59, 60, 74].

Thoracoscopic aortopexy Three ports are typically used,
and the non-absorbable sutures are placed along the most
anterior portion of the upper ascending aorta and into the
sternum. After the sutures have been placed and pulled
against the posterior surface of the sternum, bronchoscopy
is done to determine the efficacy of the aortopexy [75-77].

Fig. 9 Modification of aortopexy

Thoracotomy aortopexy A left or right anterior thora-
cotomy can be used to gain access to the anterior medi-
astinum for aortopexy. The pectoralis major muscle is ele-
vated and the chest entered through the third inter costal
space [50, 51, 59].

Whatever approach or technique used, the efficacy of
the aortopexy in treating clinical symptoms of TM was
reported in more than 80% of patients [87], but there
is a significant mortality (6%) and complications rate
(16.6%). The most common related complications are
pericardial effusion, phrenic nerve palsy, chylothorax,
and vocal cord palsy [62].

Splinting In some patients, TM is so diffuse that aor-
topexy may not sufficiently alleviate the symptoms, and
other methods have to be used [61]. External splinting
with autologous materials and prosthetic materials have
been used to support the flaccid trachea [80, 81]. Morri-
son et al. recently described the successful implantation of
external airway splints for children with severe TM [82].

Internal tracheal stent placement by endoscopy has
been attempted to treat pediatric TM. The advantages
of internal stents include their less invasive nature and
shorter recovery times. Airway stenting with silicone and
metallic expandable stents has been reported, but remains
problematic due to the small size of the pediatric airway
and the need for growth [83—85]. The stents for TM are
used in very limited situations in which non-surgical or
surgical treatments have failed [43, 62]. However, absorb-
able biopolymer stents currently in development may
become a more attractive treatment option in the future
[86].

Conclusion

Surgery remains a very important component in the
seamless collaboration of a multiple disciplinary team to
provide the best care of children with airway disorders.
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